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ABSTRACT

The deep waters in the Canada Basin display a complex temperature and

salinity structure, the evolution of which is poorly understood. The funda-

mental physical processes driving changes in these deep water masses are

investigated using an inverse method based on tracer conservation combined

with empirical orthogonal function analysis of repeat hydrographic measure-

ments between 2003 and 2015. Changes in tracer fields in the deep Canada

Basin are found to be dominated by along-isopycnal diffusion of water proper-

ties from the margins into the central basin, with advection by the large-scale

Beaufort Gyre circulation, as well as localized vertical mixing, playing impor-

tant secondary roles. In the Barents Sea Branch of the Atlantic Water Layer,

centered around 1200 m depth, diffusion is shown to be nearly twice as impor-

tant as advection to lateral transport. Along-isopycnal diffusivity is estimated

to be∼300-600 m2 s−1. Large-scale circulation patterns and lateral advective

velocities associated with the anticyclonic Beaufort Gyre are inferred, with an

average speed of 0.6 cm s−1. Below about 1500 m, along-isopycnal diffusiv-

ity is estimated to be ∼200-400 m2 s−1.
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1. Introduction24

Water properties in the Canada Basin, in the Arctic Ocean, are set by the temperature and salin-25

ity of the source waters and by the processes driving water mass evolution. In the deep Canada26

Basin, the circulation and mixing environment are poorly understood, with limited direct observa-27

tions of dissipation and velocity. In this paper, we focus on the deep water masses, found below28

roughly 700 m depth. Using yearly hydrographic profile data from 2003 to 2015, we investigate29

and quantify the processes driving changes in water mass properties using empirical orthogonal30

function (EOF) analysis and an inverse method based on the tracer conservation equations adapted31

for the deep Canada Basin.32

Water masses in the Canada Basin are largely defined based on the origin of the inflow. Between33

roughly 200 m and 2000 m depth, water of Atlantic origin enters the basin in a boundary current34

and a series of intrusive features. The Atlantic Water is divided into two branches: Fram Strait35

Branch Water (FSBW) and the deeper, cooler Barents Sea Branch Water (BSBW). BSBW is mod-36

ified at the surface in the Barents Sea (Rudels et al. 2004) and found from roughly 700-2000 m37

depth in the Canada Basin.38

The dominant circulation features affecting the Atlantic Water are thought to be a narrow, topo-39

graphically steered boundary current and the wind-driven Beaufort Gyre. The boundary current40

transports Atlantic Water cyclonically around the basin, with inflow near the Northwind Ridge41

and Chukchi Borderland (e.g., see Woodgate et al. 2007). Spall (2013) used an idealized eddy-42

resolving numerical model to show that lateral eddy fluxes and vertical mixing in the basin interior43

are likely important factors in driving the cyclonic Atlantic Water boundary current circulation.44

The anticyclonic Beaufort Gyre characterizes the central basin circulation (Newton and Coach-45

man 1974; McLaughlin et al. 2009; Proshutinsky et al. 2009; McPhee 2013). Analyzing data46
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between 1993 and 2007, McLaughlin et al. (2009) tracked a warm temperature anomaly in the47

FSBW as it spread across the Canada Basin, and concluded that transport occurred through a com-48

bination of advection by the gyre and lateral spreading in intrusions (i.e., thermohaline features49

which were studied in detail by Walsh and Carmack (2002, 2003)). Woodgate et al. (2007) used50

hydrographic data from a single expedition in 2002 to map anomalously warm FSBW and cool51

BSBW intrusions from the boundary current across the Chukchi Borderland to the Canada Basin.52

Below the BSBW lies a layer of relatively cool water, which forms a deep temperature minimum53

in the Canada Basin centered around roughly 2500 m depth (Timmermans et al. 2003, 2005; Car-54

mack et al. 2012). The ∼500-1000 m thick Deep Temperature Minimum Layer (DTML) overlies55

the Canada Basin bottom water. The relatively cool water in the DTML likely enters the Canadian56

Basin from the Eurasian Basin (e.g., see Rudels et al. 2000), with the Canada Basin bottom wa-57

ters likely being relic waters from previous dense water renewal hundreds of years ago (e.g., see58

Macdonald et al. 1993; Timmermans and Garrett 2006).59

The bottom water layer is vertically homogeneous in both temperature and salinity and is kept60

well mixed by thermal convection driven by geothermal heat (Timmermans et al. 2003; Carmack61

et al. 2012). Analyzing hydrographic data from 1993, 1997, and yearly from 2002 to 2010, Car-62

mack et al. (2012) observed the DTML and homogeneous bottom water warming at a constant rate63

of roughly 0.004oC per decade, which appears to be associated with a buildup of geothermal heat.64

The presence of a deep double-diffusive staircase at the base of the DTML suggests limited turbu-65

lent mixing of heat from the bottom water into the DTML, although there is evidence of enhanced66

turbulent mixing and density overturns on the slope (Timmermans et al. 2003).67

Velocity measurements are rare in these deep waters, and the weak flow magnitudes are difficult68

to resolve. However, characterization of the flow field is possible through analysis of the temper-69

ature and salinity fields. The goal of the present analysis is to investigate changes in water mass70
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properties and quantify lateral transport mechanisms in the deep Canada Basin from hydrographic71

data. We begin by using EOF analysis to determine spatial and temporal variations in the proper-72

ties of the BSBW and DTML water masses, and examine how properties vary with depth across73

the basin. We infer dominant mechanisms of lateral transport of water mass properties, which are74

further quantified by an inverse method.75

The inverse method approach used is designed to determine the horizontal velocity field and76

along-isopycnal diffusivity that best explain observed changes in tracers - here, temperature and77

salinity - on isopycnal surfaces. Estimates are calculated from the best fit solution to an over-78

determined set of equations derived from the temperature and salinity conservation equations79

in advective-diffusive form. The velocity field is additionally constrained using a geostrophic80

streamfunction, however the method does not require an assumed level of no-motion (or level of81

known-motion); the magnitude of the advective velocity is determined based on the temperature82

and salinity fields.83

The inverse method is conceptually similar to those of Lee and Veronis (1991) and Zika et al.84

(2010), although the results of the inversion are limited to along-isopycnal diffusivity and velocity,85

rather than three-dimensional fields. Unlike the beta-spiral method (Stommel and Schott 1977)86

or the Bernoulli inverse method (Killworth 1986), the method is based on changes in a tracer87

field. To deal with the limitations inherent in the available data, and the small signals common to88

the quiescent deep Arctic, the method used is deliberately simplistic. It is designed to provide an89

order-of-magnitude estimate of the quantities of interest, which are then interpreted in combination90

with the results of the EOF analysis.91

In section 2, we describe the repeat hydrographic survey data used in the analysis and the typical92

salinity and temperature structure observed in the deep Canada Basin. In section 3, we describe93

the inverse method and discuss the requirements for its implementation. Section 4 presents results94
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from the EOF analysis that qualitatively and quantitatively describe water mass changes. Section 595

presents results from the inverse method and estimates of lateral advective velocity and diffusivity96

for each water mass. These results, in combination with the results of the EOF analysis, are97

discussed and summarized in section 6.98

2. Data and Water Mass Description99

a. Repeat hydrographic profiles100

Full-depth repeat hydrographic profiles were collected yearly in the Canada Basin during101

summer surveys of the Joint Ocean and Ice Studies (JOIS) and Beaufort Gyre Observing102

System (BGOS) programs; we use data from 2003 to 2015 which are available online at103

www.whoi.edu/beaufortgyre. Conductivity-Temperature-Depth (CTD) instrument resolution is104

∼0.0002 for salinity and 0.0003oC for temperature. CTD instrument accuracy is±0.002 for salin-105

ity, ±0.001oC for temperature, and ±2 m for depth (see Carmack et al. 2012). We use 1 m106

vertically averaged data.107

The typical hydrographic sampling pattern (Figure 1a) provides approximately repeat spatial108

coverage. The Canada Basin is 3500-3800 m deep, with a slope in the southeast. A limited109

number of hydrographic profiles are available from the basin margins and the slope. The analysis110

is restricted to profiles in the deep Canada Basin, which we define as locations where the ocean111

bottom depth exceeds 3000 m, determined using the International Bathymetric Chart of the Arctic112

Ocean (IBCAO) (Jakobsson et al. 2012). The influence of processes on the slope and near the113

basin margins is discussed in section 6.114
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b. Water mass properties115

Typical temperature and salinity profiles are shown in Figure 1b,c. Below a shallow mixed116

layer and water of Pacific origin, two branches of the Atlantic Water enter the basin in a series of117

thermohaline intrusions, which are visible in a temperature-salinity (T -S) diagram as ‘zig-zags’118

(Figure 1b). Temperature and salinity increase with depth to the FSBW temperature maximum.119

Below the FSBW, smaller but more numerous intrusions carry cool BSBW from the boundary cur-120

rent into the deep basin. The thermohaline intrusions observed in the FSBW and BSBW spread121

laterally on near-isopycnal surfaces across Arctic basins (Carmack et al. 1998), exchanging prop-122

erties through double-diffusive fluxes. The intrusions gradually change density as they spread as123

a result of vertical flux divergences, which are hypothesized to drive lateral fluxes (Carmack et al.124

1998). Intrusions were first observed in the Canadian Basin in 1993 (Carmack et al. 1995), and125

had spread across the central Canada Basin by 2003 (McLaughlin et al. 2009). The DTML is char-126

acterized by a minimum in potential temperature at roughly 2500 m depth, below which presumed127

double-diffusive layers are evident (Timmermans et al. 2003, Figure 1c (inset)).128

The analysis here focuses on the BSBW and DTML, but also includes the FSBW, to enable129

comparison with a water mass for which the dynamics are better understood. Since the bottom130

water below the DTML is vertically and approximately laterally homogeneous (Carmack et al.131

2012), it is not included in the analysis. We consider temperature and salinity variations along132

isopycnals (defined using potential density referenced to the surface). As discussed in Zika et al.133

(2010), determining the magnitude of advection and diffusion of tracers using an inverse method134

is best accomplished in an isopycnal reference frame. The use of potential density referenced135

to the surface as opposed to a deeper level does not significantly impact the results, either qual-136

itatively or quantitatively. In particular, if a deep reference level (e.g., 1000 m) is used instead,137
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the resulting estimates of diffusivity and velocity are well within the estimated uncertainty. The138

28.097 kg m−3 isopycnal (potential density anomaly) is referred to as characteristic of the DTML,139

and the 28.010 kg m−3 and 27.925 kg m−3 isopycnals as characteristic of the BSBW and the140

FSBW, respectively.141

We focus on potential temperature as the tracer of interest, and note that temperature and salinity142

are interdependent but effectively passive tracers on isopycnals in the deep Canada Basin. A given143

temperature anomaly is density-compensated by changes in salinity on an isopycnal, with salinity144

variations an order of magnitude smaller than temperature variations. Results are reported only145

for the potential temperature field, however we find that they are qualitatively and quantitatively146

similar (to well within uncertainty) if salinity is used instead.147

c. Time evolution148

Observations indicate that the temperature of each of the three water masses of interest varies149

over the course of the record (Figure 2). The FSBW in the central Canada Basin exhibits a general150

warming since 2003, the BSBW cooled at a constant rate over the course of the record from 2003151

to 2015, while the DTML gradually warmed over the same time period.152

The FSBW entering the Canada Basin in the early 2000s was characterized by anomalously153

warm maximum temperatures, > 0.5oC up to ∼ 1oC, and increased salinity (McLaughlin et al.154

2009). The warming trend in the FSBW in the Canada Basin began to level off in the mid-2000s,155

reflecting changes in the temperature of the boundary current inflow.156

Between 2003 and 2015, the BSBW on σ = 28.01 kg m−3 cooled by -2.8×10−3 oC yr−1 and157

freshened at a rate of -1.9×10−4 yr−1, with similar rates of cooling and freshening at all stations158

within the deep basin. This change in water properties occurred at an approximately constant rate159

over the time period of interest. Woodgate et al. (2007) observed a cold anomaly in the BSBW in160
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the Chukchi Borderland in 2002 with temperatures up to 0.5oC colder than the mean, associated161

with continual cooling and freshening of the inflow in the boundary current.162

Between 2003 and 2015, the DTML on σ = 28.097 kg m−3 warmed at a nearly constant rate163

of 3.5×10−4 oC yr−1, with a linear increase in salinity of 2.2×10−5 yr−1; these trends are of the164

opposite sign and an order of magnitude smaller than the temperature and salinity trends character-165

izing the BSBW. Carmack et al. (2012) related warming of the DTML to geothermal heating; we166

additionally seek to address spatial variations in the temperature of the DTML, including lateral167

gradients and the presence of anomalously warm water near the basin margins and on the slope.168

d. Spatial variations169

Spatial patterns associated with the temperature of each water mass are presented qualitatively170

by objectively mapping all hydrographic profile data from 2003 to 2015, after first subtracting the171

isopycnal-mean potential temperature anomaly for each year (Figure 3). Temperature variations172

are qualitatively different for each water mass, reflecting the inflow of cold BSBW in the boundary173

current, as opposed to warm anomalies for the FSBW and DTML.174

The warmest FSBW is near the boundary current inflow at the northern part of the Northwind175

Ridge. McLaughlin et al. (2009) related warming of the FSBW in the north of the Canada Basin176

to northeastward advection by the anticyclonic Beaufort Gyre. The BSBW is coldest near the177

boundary current inflow, with a clear east-west temperature gradient (O(10−7 oC m−1) on σ =178

28.01 kg m−3). The DTML has a similar spatial pattern to that of the BSBW in the deep basin,179

but with the opposite sign gradient; warmer in the west and cooler in the east (O(10−8 oC m−1)180

on σ = 28.097 kg m−3). The warmest water in the DTML is on the slope in the southeast and181

near the basin margins, rather than in the northern basin as for the FSBW. These spatial patterns182

are similar on all isopycnals within each water mass, and are quantified in section 4.183
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3. Inverse Method Theory184

The inverse method originates from the tracer conservation equation in advective-diffusive form.185

Our goal is to determine large-scale lateral velocity and diffusivity estimates that best explain the186

observed tracer distribution. We make several simplifying assumptions, the validity of which are187

discussed further in the following sections.188

We assume that across-isopycnal transport has a negligible effect on tracer properties relative to189

along-isopycnal transport. The presence and persistence of intrusions (Walsh and Carmack 2002,190

2003) and double-diffusive staircases (Timmermans et al. 2003, 2008; Bebieva and Timmermans191

2016) in the Canada Basin reflect low levels of mechanical mixing supported by observations192

(Rainville and Winsor 2008; Guthrie et al. 2013; Dosser and Rainville 2016). This assumption is193

likely inappropriate on the slope and near the margins of the basin, where the absence of a deep194

double-diffusive staircase suggests enhanced turbulent mixing (Timmermans et al. 2003).195

Along-isopycnal eddy processes are parameterized in terms of a lateral diffusivity, κH , following196

the standard Reynolds averaging approach, and this lateral diffusivity is assumed to be approxi-197

mately constant on any isopycnal. This is likely a poor approximation, as it is known that eddy198

kinetic energy varies across the Canada Basin (Zhao et al. 2016), and as such the diffusivity should199

be treated as an approximate average on a given isopycnal.200

There is no significant trend in the spacing between isopycnals in the deep water masses. Further,201

hydrographic profiles represent only a single snapshot of the basin stratification for each year.202

Therefore, divergence and convergence between isopycnals is not explicitly accounted for in the203

governing equations. The effect of eddy fluxes on along-isopycnal transport of tracer is captured204

by the lateral diffusion term.205
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Applying the above assumptions to the advective-diffusive form of the potential temperature (θ )206

conservation equation, and assuming no sources or sinks in the deep basin, yields:207

∂θ

∂ t
+ug

∂θ

∂xσ

+ vg
∂θ

∂yσ

= κH

(
∂ 2θ

∂xσ
2 +

∂ 2θ

∂yσ
2

)
,

where xσ and yσ are defined as the lateral, along-isopycnal coordinates, with zσ as the normal,208

across-isopycnal coordinate. Hereafter we drop the ‘σ ’ on x,y,z and use subscripts for deriva-209

tives. Assuming that lateral circulation is predominantly geostrophic, the geostrophic velocity210

~ug = (ug,vg) may be written in terms of a streamfunction ψ as ug =−∂yψ , vg = ∂xψ . Here these211

velocities represent flow along isopycnal surfaces:212

∂tθ −∂yψ ∂xθ +∂xψ ∂yθ = κH (∂xxθ +∂yyθ). (1)

The direction and magnitude of the velocity field are determined separately, which begins by213

writing the streamfunction in separable form: ψ(x,y,z)=Ψ(z) ψ̃(x,y). Here Ψ is a streamfunction214

amplitude determined from the inverse method (section 5a), and ψ̃ captures the spatially varying215

component of the streamfunction (i.e., defines the shape of streamfunction contours, section 4e).216

Vertical velocity is assumed to be negligible for the gyre flow over the deep Canada Basin217

abyssal plain (where variations in the Coriolis parameter are negligible, i.e., an f-plane); as a218

consequence, on a given horizontal surface, horizontal pressure gradients are everywhere paral-219

lel to horizontal density gradients (see e.g., Hughes and Killworth 1995). Contours of constant220

density on a horizontal plane therefore have the same shape as geostrophic streamfunction con-221

tours, ψ̃ . Note that to estimate ψ̃ in isopycnal coordinates (section 4e), depth contours of a given222

isopycnal are used (equivalent to the use of isopycnal contours at a given depth level). Then223

~ug = Ψ(−∂yψ̃,∂xψ̃) = Ψ(ũg, ṽg), and (1) becomes:224

∂tθ +Ψ (ũg ∂xθ + ṽg ∂yθ) = κH (∂xxθ +∂yyθ). (2)

11



The streamfunction is normalized so that |(ũg, ṽg)| has unit mean. In this way, Ψ determines the225

magnitude of the velocity field, while (ũg, ṽg) set the direction of flow at each spatial location. We226

rearrange (2) as follows:227

(ũg ∂xθ + ṽg ∂yθ)

∂tθ
=

κH

Ψ

(∂xxθ +∂yyθ)

∂tθ
− 1

Ψ
(3)

such that κH/Ψ represents the slope of a line with intercept -1/Ψ. An analogous equation holds228

for salinity.229

Equation (3) may be formulated to be independent of time, an approximation based on the230

observation that ∂tθ and ∂tS are approximately constant over the course of the record, in both the231

BSBW and DTML (section 2c). Further, similar values of ∂tθ and ∂tS are found at all stations232

within the deep basin (ocean bottom depth > 3000 m ), which implies that spatial gradients do not233

change significantly between years. The accuracy of this approximation is examined in detail as234

part of the EOF analysis (section 4c). Equation (3) may then be expressed as:235

τ1(x,y) =
κH

Ψ
τ2(x,y)−

1
Ψ
, (4)

where τ1(x,y), estimated from observations, is an advective fraction representing changes in the236

temperature field associated with along-isopycnal advection, while τ2(x,y) is a diffusive fraction237

representing variations associated with parameterized along-isopycnal diffusivity. Equation (4)238

has two unknowns, Ψ and κH , and is valid on any isopycnal in the BSBW or DTML water masses.239

A least-squares linear fit to (4) yields Ψ and κH .240

The streamfunction amplitude Ψ has units of diffusivity (m2 s−1), so that the dimensionless ratio241

κH/Ψ in (4) can be treated as a measure of the relative importance of along-isopycnal diffusion242

to advection in the evolution of the temperature (or salinity) field. For a ‘diffusive-advective ratio’243

greater than unity, lateral diffusion is the dominant driver of changes in water mass temperature244
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and salinity, whereas advection dominates for κH/Ψ < 1. It is of interest to note that this ratio245

could be interpreted as an inverse Peclet number.246

The calculation of spatial derivatives in (4) is non-trivial. Sparse data in some regions and scatter247

in the potential temperature field result in large uncertainties and discrepancies when calculating248

derivatives, and (4) requires second-order derivatives. Interpolating θ and S on an isopycnal using249

techniques such as objective mapping (Figure 3) create smoothly varying fields but are highly250

sensitive to outlying measurements, which may or may not be physical, increasing the uncertainty251

when taking derivatives. To more carefully quantify variations in properties in the deep water252

masses, we turn to EOF analysis.253

4. Empirical Orthogonal Function Analysis254

Our goal in using EOF analysis is twofold: to quantify changes in water mass properties in the255

deep Canada Basin, and to isolate the dominant spatial patterns in the potential temperature field256

in order to calculate large-scale, low-noise spatial derivatives for use with the inverse method.257

a. Implementation258

EOF analysis produces a set of ordered orthogonal modes - that is, the minimum number of259

independent patterns needed to capture the maximum amount of variance in the data. Spatial EOF260

modes are extracted for data sampled at different isopycnal levels (Appendix), so that the principal261

components (PCs) show how the spatial modes vary between isopycnals (see e.g., Gavart and De262

Mey 1997). Measurements of the form A(~x,z) are used, where A is a water property such as263

potential temperature or salinity. A separate EOF analysis is performed for each year, then the264

dominant modes for all years are compared.265
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The method is described by way of example (Figure 4) with reference to potential temperature266

on isopycnals for a specific year (2004). Analysis is restricted to profiles in the deep basin, defined267

as locations with ocean bottom depths >3000 m. Isopycnals are chosen such that the average268

isopycnal depths are equally spaced between 300 and 3000 m, for 50 isopycnals from σ = 27.8269

to 28.1 kg m−3. EOF analysis identifies spatial patterns in temperature common to the FSBW,270

BSBW, and DTML water masses. Before the EOF analysis is performed, the potential temperature271

field on each isopycnal is normalized to have zero mean and unit standard deviation, which ensures272

the results are not biased towards isopycnals with larger amplitude temperature variations.273

The first and second EOF modes for 2004, and the associated PCs, are shown in Figure 4a,c.274

The sign of each mode on a given isopycnal is determined from the sign of the associated PC. The275

first EOF mode captures predominantly longitudinal variations in potential temperature (Figure276

4a), and captures 56% of the total variance in the normalized data (Appendix, Figure 4b), while277

the second mode has predominantly latitudinal variations, and captures 25% of the total variance.278

The first and second modes together capture 81% of the variance in the normalized data. There is279

a clear separation between the variance explained by the first two modes and that explained by the280

third and higher modes (Figure 4b). Modes higher than 5 are indistinguishable from noise.281

The PCs provide the amplitude of each EOF mode on each isoycnal (Figure 4c). The BSBW282

temperature field (∼700-1500 m), for example, is well described by the first EOF mode alone (Fig-283

ure 4a, with opposite sign), consistent with qualitative observations of an east-west temperature284

gradient (Figure 3b). The first EOF mode is also dominant within the DTML, while the first and285

second modes are important in the FSBW and near the base of the DTML in the double-diffusive286

staircase (Figure 4c).287
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b. Interpretation of spatial modes288

The spatial modes arising from the EOF analysis are statistical constructs assigned meaning289

based on existing knowledge of the system. While a single mode will never perfectly capture290

an underlying physical principle, they can provide insight into the physics governing a system.291

The first EOF mode (Figure 4a) shows primarily a longitudinal gradient in temperature, consistent292

with warm (FSBW, DTML) or cold (BSBW) temperature anomalies diffusing along isopycnals,293

from the boundary current in the west into the deep basin. The fact that the first EOF mode is294

the dominant mode in the two deep water masses suggests that along-isopycnal diffusion may be295

the dominant process controlling changes in water mass properties, a hypothesis which will be296

explored further using the inverse method in section 5.297

The second EOF mode shows a predominantly latitudinal temperature gradient, and is of oppo-298

site sign in the FSBW (warmer to the north) and the DTML (warmer to the south). In the FSBW,299

the second mode is likely associated with the anticyclonic Beaufort Gyre circulation. McLaugh-300

lin et al. (2009) linked advection by the gyre to warm temperature anomalies travelling from the301

boundary current across the northern basin. This interpretation is consistent with the stronger in-302

fluence of the second mode on the FSBW relative to the BSBW (Figure 4c), as the gyre is assumed303

to decrease in strength with depth. In the DTML, the second EOF mode is associated with anoma-304

lously warm temperatures in the southern basin, with possible sources near the margins and on the305

slope to the south. This is inconsistent with advection by an anticyclonic gyre, but may be linked306

to enhanced mechanical mixing or cyclonic advection, to be discussed further in sections 5 and 6.307

c. Similarity of EOF modes through time308

A separate EOF analysis is conducted for each year, and the resulting modes are compared. The309

EOF modes and PCs for a given year are calculated using potential temperature profiles from only310
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that year. The isopycnals used are the same for all years, as is the restriction to profiles in the deep311

basin (bottom depth >3000 m). If the processes driving changes in water mass properties in the312

deep basin do not change significantly between years, we would expect similar EOF modes for all313

years.314

From 2003 to 2015, the first EOF mode corresponding to each year explains between 45 and315

70% of the total variance in the normalized potential temperature data for the FSBW, BSBW, and316

DTML water masses in the deep Canada Basin. The second mode explains 15 to 35%, for a317

combined total of 70 to 85% variance explained by two modes alone. We conclude that the first318

two modes are sufficient to describe the water masses of interest for all years.319

Spatial correlations quantify the similarity between the EOF modes from different years. To320

perform a correlation, the EOF mode is first mapped onto a 1o latitude by 4o longitude grid (Figure321

5b). If more than one data point falls within a grid box, the average value is used. To calculate the322

correlation coefficient, r, between any two years, only grid boxes with data available for both years323

are included. Due to the approximately repeat sampling pattern for the hydrographic stations, all324

years have most grid boxes in common.325

The spatial patterns for the first EOF mode have high correlations between years, for all years326

from 2003 to 2015 (Figure 5a), with r ≥ 0.75. Therefore, the dominant feature of the potential327

temperature field in the deep Canada Basin over the last decade has been a persistent east-west328

gradient, despite temporal changes in the average temperature of each water mass. Correlation co-329

efficients for the second EOF mode for all years range from r = 0.55 to r = 0.95 (not shown), sug-330

gesting that the dominant processes controlling variations in water mass properties do not change331

significantly during the 13 years considered.332
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d. Structure in the vertical333

The principal components provide the amplitude of each EOF mode on each isopycnal. The334

mode amplitude is converted into percent variance explained by the first and second mode on335

each isopycnal for each year (Appendix, Figure 6). (This is equivalent to calculating variance336

by correlating the temperature field reconstructed from EOF mode 1 or 2 (Appendix) with the337

observed potential temperature field.) For example, the PC associated with the first EOF mode338

in 2004 has an amplitude close to 1 in the BSBW (Figure 4c) and explains nearly 100% of the339

variance in the BSBW potential temperature data (Figure 6a, second column). The total variance340

explained by the first (or second) EOF mode is the average over all isopycnals for each year.341

Potential temperature on isopycnals in the FSBW is described primarily by the second EOF342

mode (Figure 6b), for all years except 2003 and 2004 when the first mode contributes significantly.343

After about 2004, the FSBW flowing into the Canada Basin no longer displayed the warming trend344

observed by McLaughlin et al. (2009) (Figure 2), which may account for the shift. The sign of the345

second mode is the same for all years (not shown), with warmer waters to the north.346

For both the BSBW and DTML, the first EOF mode explains the majority of the temperature347

variance (usually 75% or higher) on most isopycnals, for all years (Figure 6a), with spatial vari-348

ations dominated by a basin scale east-west gradient. The second EOF mode is intermittently349

important for a narrow range of isopycnals between the two water masses (centered slightly above350

2000 m depth), where the sign of the temperature gradient reverses (cool vs. warm anomaly), as351

well as in the deep double-diffusive staircase, where warmer waters are consistently found to the352

south of the basin. For isopycnals between the BSBW and DTML, variations in temperature are353

significantly smaller than for either water mass, and the second EOF mode likely has no consistent354

physical interpretation. Its interpretation in the deep staircase is discussed in section 6.355
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Both the first and second EOF modes are highly persistent between 2003 and 2015, with similar356

contributions to the temperature field on isopycnals throughout both the BSBW and DTML water357

masses. This indicates that along-isopycnal temperature gradients are qualitatively and quantita-358

tively similar between years, which is consistent with the initial observation that the constant rate359

of cooling (BSBW) and warming (DTML) showed minimal variation between stations (Figure 2,360

section 2c). The temporal coherence of the EOF modes and associated PCs further suggests that361

the physical processes driving changes in water mass properties do not change between 2003 and362

2015.363

e. Isopycnal depth and the streamfunction364

A similar EOF analysis to that for temperature is conducted for isopycnal depth to determine the365

geostrophic streamfunction contours, as defined in section 3. The magnitude of the geostrophic366

velocity field is determined from the inverse method, while the streamfunction contours on each367

isopycnal, ψ̃(x,y), are determined using depth contours of a given isopycnal.368

An EOF analysis of the isopycnal depth field is performed for each year from 2003 to 2015. The369

first EOF mode (Figure 7b) captures the majority of the variability in isopycnal depth for all years,370

explaining between 75-90% of the variance, with an average of 84%. The PC associated with the371

first EOF mode does not change sign with depth - that is, all isopycnals deepen toward the center372

of the Beaufort Gyre, forming a bowl-shape centered near 74oN and 153oW. Unlike the EOFs for373

potential temperature, the second EOF mode for isopycnal depth explains less than 10% of the374

total variance on average, and likely does not have a consistent physical interpretation.375

Correlations between the first EOF mode for isopycnal depth for each year with every other year376

show reasonable similarity between years (Figure 7a), with correlation coefficients of between 0.5377

and 1.0. In 2012, isopycnals were flatter than during other years, perhaps reflecting observations378

18



that show an expansion of the Beaufort Gyre since 2007 (McPhee 2013). The mode 1 spatial379

patterns from 2003 to 2015 are appropriately normalized and grid-averaged to produce a time-380

independent ψ̃ (Figure 7b, section 3, section 5a).381

5. Inverse Method Results382

The goal of the inverse method analysis is to estimate geostrophic velocity and along-isopycnal383

diffusivity on isopycnals within the BSBW and DTML water masses, and relate these to circulation384

and transport of water mass properties.385

a. Inverse method implementation386

Spatial derivatives in (4) are calculated using a 2-mode reconstruction of the potential temper-387

ature field from the EOF analysis (Appendix, Figure 8), reintroducing dimensional units. When388

calculating the 2-mode reconstruction, the standard deviation of temperature on each isopycnal is389

reintroduced, but the mean is not, which effectively removes the temporal trend from the data.390

The reconstructed fields are translated onto a 1o latitude by 4o longitude grid, as shown for ψ̃391

in Figure 7b. The size of a grid box is chosen to be consistent with the station spacing, with an392

associated length scale on the order of 100 km. Of course, the parameterized diffusivity κH is393

sensitive to the station spacing and length scale. The value of temperature within a grid box is the394

average of all data points within the grid box from all years. Since spatial gradients in temperature395

on an isopycnal vary negligibly in time between 2003 and 2015 (section 4), it is appropriate to396

combine data from all years to calculate derivatives (using centered finite differences), reducing397

uncertainty. Gridding the data and taking discrete derivatives imposes a length-scale on the results,398

but permits the calculation of first- and second-order spatial derivatives that reflect the observed399

large-scale, slowly-varying gradients in tracer fields.400
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Equation (4) is evaluated in each grid box on a given isopycnal, then a least-squares linear fit to401

τ1 and τ2 is used to determine the slope and intercept, from which Ψ, κH , and their uncertainties402

are calculated. The full geostrophic velocity field is then reconstructed from ug =−Ψ ∂yψ̃, vg =403

Ψ ∂xψ̃ . Grid boxes are excluded when discrete spatial derivatives cannot be properly calculated404

due to lack of data in adjacent grid boxes.405

b. Inverse method results for the BSBW406

We report results for isopycnals from σ = 27.98 kg m−3 (with an average depth of ∼ 700 m)407

to σ = 28.06 kg m−3 (average depth ∼ 1500 m) in the BSBW, and use σ = 28.01 kg m−3 as a408

representative example (Figure 9). The inverse method least-squares linear fit (Figure 9a) has r2 =409

0.5. Out of 52 grid boxes containing data, 3 were discarded from the final fit due to the inability410

to calculate discrete derivatives. The slope gives a diffusive-advective ratio of κH/Ψ = 2.0±0.3.411

The intercept gives a streamfunction amplitude of Ψ = 214±32 m2 s−1. Lateral diffusivity along412

the σ = 28.01 kg m−3 isopycnal is then estimated to be κH = 400±88 m2 s−1.413

The average magnitude of the advective velocity field along σ = 28.01 kg m−3 is |~ug|= 0.33±414

0.08 cm s−1. Flow speeds in individual grid boxes range from |~ug| = 0.05 to 0.5 cm s−1. The415

full geostrophic velocity field on this isopycnal (Figure 9b) is anticyclonic, with the isopycnal416

deepening to∼ 1000 m depth at the gyre center. Water appears to enter the basin moving eastward417

from the northern end of the Northwind Ridge.418

Values for κH/Ψ for isopycnals within the BSBW range from 1.5 to 2.0, with an average value419

of 1.6 above about 1200 m, after which values decline with depth. Average velocity magnitudes420

on individual isopycnals within the BSBW range from |~ug| = 0.3 to 1.2 cm s−1, with an overall421

average for the BSBW of 0.6 cm s−1. There is no significant trend in velocity magnitude with422
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depth. Lateral diffusivity on isopycnals within the BSBW ranges from κH = 205 to 833 m2 s−1,423

with an average value of 462 m2 s−1.424

The estimated values of the diffusive-advective ratio suggest that lateral diffusivity plays a dom-425

inant role in tracer transport in the BSBW above ∼1200 m depth, being nearly twice as important426

to along-isopycnal variations in temperature and salinity as the geostrophic gyre circulation. This427

result is consistent with the EOF analysis results, where the first EOF mode - with primarily lon-428

gitudinal variations consistent with eastward diffusion of anomalies transported by the boundary429

current along the western basin margin - explains most of the variance in the BSBW tempera-430

ture and salinity fields (Figure 6a). The second EOF mode, which is more likely associated with431

transport by the anticyclonic gyre, plays a secondary role in the BSBW (Figure 9b).432

In the deepest part of the BSBW (from ∼ 1500−2000 m), the inverse method predicts cyclonic433

gyre circulation. This would suggest that the lateral pressure gradient at these depths has the434

opposite sign from that at shallower depths, such that the gradient is from low (in the gyre center)435

to high (at the periphery). This reversal of the gyre would also require that the geostrophic velocity436

pass through zero at some depth in the deep BSBW; inverse method results close to the transition437

are inherently uncertain, and are not reported here.438

c. Results for the DTML439

In the DTML, the inverse method predicts cyclonic gyre circulation, so that Ψ is negative.440

We include isopycnals from σ = 28.090 kg m−3 (with an average depth of ∼ 2000 m) to441

σ = 28.102 kg m−3 (average depth ∼ 2800 m) in the DTML. Values for κH/Ψ are close to zero442

at the top and bottom of the DTML and within the double-diffusive staircase, and range from -1.3443

to -1.8 within the core of the water mass, with an average of -1.6. Average velocity magnitudes444

on isopycnals within the core of the DTML range from |~ug| = 0.2 to 0.4 cm s−1, with an overall445
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average of 0.3 cm s−1. Lateral diffusivity ranges from κH = 198 to 393 m2 s−1, with an average446

value of 305 m2 s−1, then declines rapidly in the staircase. On σ = 28.097 kg m−3, values are447

κH/Ψ =−1.8±0.5, κ = 292±127 m2 s−1, and |~ug|= 0.2±0.1 cm s−1.448

The advective-diffusive ratio in the DTML suggests that along-isopycnal diffusivity is more449

important than advection by the gyre to setting water mass properties. However, we note that it450

is possible that the presence of a warm θ anomaly in the southern deep basin causes the inverse451

method to incorrectly predict cyclonic gyre flow (in contrast to the FSBW which had a warm452

anomaly in the north associated with anticyclonic transport by the gyre). Depending on the source453

of this warm anomaly, the assumptions used in the inverse method may not apply in the DTML,454

invalidating the results.455

In particular, the assumption that vertical mixing is negligible may be inappropriate for the456

DTML. Timmermans et al. (2003) found evidence of enhanced turbulent mixing in the DTML457

on the slope in the southeast basin, and noted that the deep double-diffusive staircase was eroded458

there. The staircase is also absent in the southwest in the deep basin (Figure 10). Vertical mixing459

would warm the DTML, drawing (geothermal) heat and salt up from the homogeneous bottom460

layer below (Carmack et al. 2012), with the largest fluxes in the boundary regions. Note also that461

the highest temperatures are found along the presumed trajectory of the cyclonic boundary current462

(Figure 10), suggesting advection by the boundary current may play a role.463

Even if the prediction of cyclonic gyre flow is incorrect, results from the EOF analysis support464

the conclusion that along-isopycnal diffusion is the dominant mechanism transporting heat from465

the margins into the deep basin in the DTML. As in the BSBW, the first EOF mode explains the466

majority of the variance in the DTML above the deep double-diffusive staircase (Figure 6). The467

second EOF mode in the DTML may be related to cyclonic gyre flow, turbulent vertical mixing,468

advection by the boundary current, or some combination thereof.469

22



6. Summary and Discussion470

Using a novel inverse method based on tracer conservation in combination with EOF analysis471

of hydrographic data, we investigated the processes driving changes in water mass properties be-472

tween 2003 and 2015 in the deep Canada Basin. Water mass transport was hypothesized to occur473

through a combination of advection by the large-scale Beaufort Gyre circulation and lateral dif-474

fusion of tracers from the basin margins. For both the BSBW and DTML deep water masses,475

along-isopycnal diffusivity appears to be the dominant process controlling changes in temperature476

and salinity in the deep basin, with relatively weak advection by the gyre. Both the gyre circula-477

tion and along-isopycnal diffusivity seem to be important in the FSBW, with the influence of the478

gyre dominating observed changes in tracer fields after 2004, as the rate of warming of the inflow479

tapered off.480

Cooling and freshening was observed in the BSBW, while the DTML became warmer and saltier.481

In both deep water masses considered, EOF analysis was used to quantify changes in water mass482

properties. Potential temperature for a given isopycnal in these water masses changed at a steady483

rate through time from 2003 to 2015, with little variation between stations. Along-isopycnal tem-484

perature and salinity gradients were approximately constant between years, and varied primarily485

from east to west in both the BSBW and the DTML, consistent with lateral diffusion. Smaller486

north-south gradients were linked to the Beaufort Gyre in the BSBW and to either the gyre or to487

vertical (geothermal) heat fluxes near the basin margins in the DTML.488

In the BSBW, an approximate geostrophic velocity field consistent with anticyclonic Beau-489

fort Gyre circulation was determined by combining the results of the inverse method with a490

geostrophic streamfunction with ∼100 km horizontal resolution. The overall average speed of491

along-isopycnal advection was |~ug| ∼ 0.6 cm s−1. In the DTML, cyclonic circulation was pre-492
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dicted, with |~ug| ∼ 0.3 cm s−1 on average. Beaufort Gyre current speeds below the FSBW in the493

central basin have previously been estimated to be 0-2 cm s−1, with large uncertainty (Newton494

and Coachman 1974). The center of the gyre was located near 74oN and 153oW, in reasonable495

agreement with recent results from Armitage et al. (2017), who observed the center of the Beaufort496

Gyre shifting northwest between 2003 and 2014, from∼ 74oN and 145oW to∼ 76oN and 150oW.497

From the inverse method, lateral diffusivity is estimated to be κH ∼ 450± 150 m2 s−1 in the498

BSBW and κH ∼ 300±100 m2 s−1 in the DTML, with an associated length scale of 100 km cor-499

responding to the average grid spacing. We note that values of diffusivity from the inverse method500

are sensitive to this grid spacing length scale, which is itself determined by the hydrographic sta-501

tion spacing. Here the lateral diffusivity accounts for any process that mixes potential temperature502

(or salinity) anomalies along isopycnals (contributions from e.g., eddy fluxes and thermohaline503

intrusions). The contribution of along-isopycnal diffusion to the evolution of tracer fields is esti-504

mated to be up to twice as important as advection by the Beaufort Gyre circulation.505

More direct estimates of eddy diffusivity (i.e., based on velocity fluctuations) are rare in the506

Arctic Ocean. For the oceans south of 60oN, Cole et al. (2015) estimated along-isopycnal dif-507

fusivities at 300 km scale using Argo profile data. Below ∼1000 m depth, they found zonally508

averaged values of order 100-1000 m2 s−1. Employing a similar framework to Cole et al. (2015),509

Meneghello et al. (2017) estimate lateral diffusivities in the Canada Basin from velocity measure-510

ments to be ∼100 m2 s−1 on average at depths around 600 m, with an associated length scale of511

around 50 km. Near the basin margins and the Chukchi Plateau, Meneghello et al. (2017) found512

diffusivities elevated by a factor of 3 or more, associated with a more active eddy field.513

The estimate of lateral diffusivity found here for the BSBW is significantly higher than previous514

estimates associated with thermohaline intrusions alone. Walsh and Carmack (2002, 2003) ana-515

lyzed thermohaline intrusions in the Canada Basin FSBW and inferred lateral diffusivities in the516
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range 50-200 m2 s−1. In the smaller-amplitude BSBW intrusions, κH is expected to be lower. This517

suggests that processes in addition to thermohaline intrusion fluxes, such as stirring by eddies, are518

required to explain the value for lateral diffusivity in the BSBW.519

The values inferred for κH may be used to estimate the approximate time required for a520

temperature anomaly to diffuse across the basin. A diffusivity of κH = 400± 88 m2 s−1 on521

σ = 28.01 kg m−3 in the BSBW is associated with a rate of transport of 0.16-0.24 cm s−1, where522

κH is divided by the length scale associated with the centered difference used to calculate spa-523

tial gradients (200 km - twice the 100 km grid spacing length scale). At this rate, a temperature524

anomaly would be transported across the ∼600 km wide deep basin in 8-12 years. This is in525

rough agreement with the hydrographic observations, which show cold anomalies crossing the526

deep Basin in about 10-12 years. McLaughlin et al. (2009) estimated a similar net rate of trans-527

port for the warm FSBW temperature anomaly of 0.1-0.5 cm s−1, which they associated with the528

combined effects of the gyre and thermohaline intrusions. In the DTML, values for diffusivity are529

lower than, but comparable to, those in the BSBW, in approximate agreement with hydrographic530

profile data that show warm anomalies crossing the deep basin in about 8-12 years.531

We caution that the results of the inverse method in the DTML may be inaccurate due to the532

influence of enhanced vertical mixing in the southern basin near the margins and on the slope,533

transport by the poorly resolved cyclonic boundary current, or both. (The assumption that vertical534

mixing can be neglected in the BSBW appears valid.) Recall that the sign of the second EOF mode535

in the DTML is opposite that in the FSBW, reflecting a warm anomaly in the southern basin, and536

resulting in the (potentially incorrect) prediction of cyclonic Beaufort Gyre flow. Although the537

exact heat budget of the DTML remains an open question, the available evidence from the EOF538

analysis and the inverse method both suggest that along-isopycnal diffusion of heat into the basin539

interior from the margins in the west and south is the most important factor.540
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While we have provided an alternate method of calculating lateral velocity and diffusivity, tighter541

constraints are needed on estimates of these quantities in the deep Canada Basin. Future studies542

might involve tracer release experiments, more extensive velocity measurements, or additional543

hydrographic data and mixing measurements (particularly near the basin margins), any of which544

would improve our understanding of the deep water masses. These deep water masses, which545

represent a significant fraction of the water column in the Canada Basin, provide a record of the546

evolution of the source waters and are an important component of the full Arctic Ocean heat and547

freshwater budgets.548
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APPENDIX554

Appendix - EOF formalism555

Potential temperature data are arranged into an m×n matrix Aθ (~x,z), for n isopycnals sampled at556

m hydrographic stations, and the mean potential temperature on each isopycnal, µθn, is subtracted557

from each data point on that isopycnal (column means are removed), so that558

Ãθn = Aθn−µθn.

To prevent the results from being biased towards spatial patterns in the FSBW, which has lateral559

variations an order of magnitude or more larger than those in the DTML, we divide the data on560
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each isopycnal by the standard deviation of measurements on that isopycnal, σθn, to give561

Xθn = Ãθn/σθn.

The result is a matrix Xθ of potential temperatures on isopycnal surfaces spanning the FSBW,562

BSBW, and DTML, with zero mean and unit standard deviation.563

EOF modes are determined using singular value decomposition, which produces ordered or-564

thonormal modes, with the first mode capturing the most variance in the data. That is,565

Xθ =USV ′ = EOF(~x) PC(z),

where the matrix U provides the spatial patterns for each EOF mode (the columns of U are the spa-566

tial EOFs), equivalent to the eigenvectors of the covariance matrix for Xθ . The diagonal elements567

of S provide the associated eigenvalues when squared and divided by the sample size. The columns568

of the matrix V provide the vertical structure of each EOF mode, and the principal components are569

calculated from PC = SV ′ (Figure 4).570

The principal components can be related to the variance explained by each EOF mode on each571

isopycnal as follows: (PCM/
√

m−1)2, where PCM is the principal component for the Mth mode.572

This is equivalent to calculating the r2-value for the correlation between that EOF mode and the573

potential temperature field on each isopycnal (Figure 6).574

To determine the sensitivity of the EOF results to spatial sampling and station locations, the data575

are sub-sampled by selecting random combinations of stations and correlating the resulting EOF576

modes to the original modes. Eliminating up to half of the original stations results in correlations577

above r = 0.9 for the first two modes, indicating very low sensitivity. EOF analysis is not affected578

by redundancy in the data; it does not require that measurements on successive isopycnals or579

between adjacent stations be independent.580
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EOF modes and the associated principal components are non-dimensional, and can be difficult581

to interpret in relation to the observations. The original data matrix is reconstructed as:582

Aθ (~x,z) =USV ′ σθ (z)+µθ (z),

where σθ and µθ are vectors for the standard deviation and mean of the potential temperature,583

respectively, on each isopycnal. A reconstruction of the potential temperature field can be ac-584

complished using only a set number of modes. For example, a mode 1 reconstruction is given585

by:586

AM1
θ =Um1S11V ′n1 σθn +µθn.

The resulting m×n matrix provides the information in the original potential temperature field that587

is captured by the first EOF mode on each isopycnal at each station. As such, the reconstructed588

field has the same spatial pattern as the first EOF mode, but provides dimensional values.589
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FIG. 1. a) Map of Canada Basin showing typical hydrographic sampling pattern (from 2007). Contours show

ocean bottom depth, with land in black. b) Representative temperature-salinity diagram from 140oW and 74oN

(gold star on map) from 2004 (blue) and 2014 (red), with isopycnals in gray. Water masses are labelled. Inset

shows the DTML. c) Profiles of potential temperature from the same location. Inset shows the DTML and deep

double-diffusive staircase.

749

750

751

752

753

35



FIG. 2. Potential temperature θ , referenced to the surface, vs. salinity S from 140oW and 74oN (gold star

on map in Figure 1), with profiles from 2003 to 2015 colored by year. Inset shows the DTML. Note that this

general picture holds for all stations in the deep Canada Basin. Water masses are labelled and the table below

gives 2003 to 2015 trends in potential temperature (∂tθ ) and salinity (∂tS) on specified isopycnals in the BSBW

and the DTML determined based on a linear fit to basin mean values for all profiles with ocean bottom depth

>3000 m, with standard error.
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FIG. 3. Spatial maps of potential temperature referenced to the surface for the a) FSBW on σ =

27.925 kg m−3, b) BSBW on σ = 28.010 kg m−3, and c) DTML on σ = 28.097 kg m−3, objectively mapped

using all hydrographic data from 2003 to 2015. The temporal trend about the mean has been removed before

mapping. Regions further than 100 km from a station location are masked out in white. Black circles are station

locations. Gray contours are the 500 m to 3500 m isobaths in increments of 1000 m.
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FIG. 4. a) EOF mode 1 and mode 2 spatial patterns of potential temperature on isopycnals from 2004, nor-

malized to unit standard deviation. Isopycnals are chosen to be spaced roughly every 50 m in the vertical in

the FSBW, BSBW, and DTML water masses. b) Total variance in the data explained by each EOF mode, cut

off at the 10th mode. Only the first 5 modes are statistically distinguishable from noise. c) Principal compo-

nents corresponding to the first (red) and second (blue) EOF spatial modes, with normalized amplitudes that

correspond to a 1 standard deviation change in the EOF modes, as in a). The PCs are plotted as a function of

average isopycnal depth, alongside a typical potential temperature profile with an inset showing the DTML. The

approximate depth range for each water mass is indicated.
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FIG. 5. a) Correlation coefficients for the EOF mode 1 spatial pattern for each year with every other year, for

potential temperature on isopycnals. Note that the colorscale begins at r = 0.75. b) Spatial maps of the first EOF

mode for 2004 and 2014 (r = 0.95), with the data averaged onto a 4o longitude by 1o latitude grid, which allows

the correlations to be performed despite differences in precise station location from one year to the next. Only

grid boxes with profile data available for both years are included in a given correlation.
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FIG. 6. a) Percentage of the variance in the data on each isopycnal explained by the first EOF mode, for each

year. The mode 1 spatial pattern for a given year captures a certain amount of the variability in the observed

potential temperature field on each isopycnal, which is quantified by converting the first PC to percent variance

explained (Appendix). For example, the column for 2004 is calculated from the first PC for 2004 (Figure 4c),

and quantifies how well the first EOF mode for 2004 (Figure 4a) captures variations in the observed potential

temperature field from 2004. b) The same, but for the second EOF mode.
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FIG. 7. a) Correlation coefficients for correlations between the first EOF mode for isopycnal depth for each

year from 2003 to 2015 with every other year. Note that the colorscale begins at r = 0.5. To perform the

correlations, data are gridded as in Figure 5. b) Grid-average of the first EOF mode for isopycnal depth for every

year from 2003 to 2015, for stations with bottom depth >3000 m. The spatial pattern has been scaled to have

standard deviation equal to one. Higher (more positive) values correspond to isopycnal depths further down in

the water column. Light gray lines are the 500, 1500, 2500, and 3500 m isobaths.
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FIG. 8. a) Potential temperature of the DTML on σ = 28.097 kg m−3 in 2011. b) Potential temperature

field on the same isopycnal reconstructed using only the first two EOF modes. The color scale is the same for

both fields, and the temporal trend has not been removed from the reconstructed field, to allow a one-to-one

comparison. Black lines are the 500, 1500, 2500, and 3500 m isobaths.
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FIG. 9. a) Least-squares linear fit to data on σ = 28.01 kg m−3 (BSBW), for the advective, τ1, and diffusive, τ2,

terms in (4). Each point is the value from an individual grid box for the grid shown in Figure 7. b) Results for the

estimated geostrophic Beaufort Gyre circulation on the same isopycnal, determined using the velocity magnitude

calculated from the inverse method and velocity direction determined from the geostrophic streamfunction.

Colors show the objectively mapped depth of the σ = 28.01 kg m−3 isopycnal. Geostrophic flow is assumed to

follow depth contours of a given isopycnal. Light gray lines are the 500, 1500, 2500, and 3500 m isobaths.
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FIG. 10. DTML potential temperature on σ = 28.097 kg m−3, objectively mapped as in Figure 3, with black

contours from -0.52 to -0.51oC in increments of 0.002oC, showing the roughly longitudinal variation across the

central basin, and the influence of warming in the southern basin, near the margins, and on the slope. Red arrows

show the assumed path of the boundary current, while blue spirals indicate regions with evidence of enhanced

vertical mixing inferred from hydrographic profiles. Light gray lines are the 500, 1500, 2500, and 3500 m

isobaths.
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